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I. INTRODUCTION
The hydrodynamics associated with a contained, and near-

ly stationary, oil layer above a moving water current are far
from completely understood. As an aid in studying this hydro-
dynamical problem, we have designed and built a special flume
at the Ocean Engineering Department of M.I.T. Design reguire-
ments for water flumes are well documented (see €.9.; Orkeny,
1955; Steele, 1962; or Preston, 1966). However, there are
several special requirements for a flume to be used for the
study of contained o0il pollution which lead to a specialized
device, called an oil layer flume, that is useful for study-
ing many other hydrodynamic problems as well.

A major influence on optimum flume geometry results from
the high length/depth ratio of typical oil layers contained
by a boom in a current (see e.g.; Miller, Lindenmuth, and
Altman, 1972). A typical length/depth ratio is 200, and even
higher ratios are common. Several important entrainment and
dispersion mechanisms leading to the failure of an oil boom to
contain the o0il in a current are strongly influenced by the
gravitational densiometric Weber number, TgA/pwU4, where

T = oil-water interfacial tension,
g = acceleration due to gravity,
Py = water density,

Py = oil density,

= current speed, and

A= P = Po

Pw

Since only a very limited range of interfacial tensions

are obtainable, and since U ~ T1/4

for a scale model experi-
ment with fixed density ratio, current speeds in an experiment

must be nearly equal to full scale speeds.




A scale model experiment requires the full scale value
of the densiometric Froude number, U/vYgAd, where & is a char-
acteristic contained oil slick depth. Therefore, essentially
full scale lengths and depths are required in the experiments.

In our case, and in most other circumstances as well, it
is impractical to build a flume as long as a typical full scale
contained slick. Therefore, the flume length will limit the
range and importance of possible experiments. A major con-
sideration for an oil layer flume is maximum possible test
section length. A typical test section experimental geometry
is shown in Figure 1.

All previous flume experiments on contained oil layers
have been done in flumes having freestream rms turbulence
levels of at least several percent of the mean flow speed.

The role of this turbulence on apparent instabilities of the
oil-water interface is unknown. Since the interface responds

to turbulent pressure fluctuations, the turbulence can mask
natural instabilities. The apparent interfacial instabilities
lead to containment failure of pollution control devices so

that they are of considerable interest. Studying them is fa-
cilitated by a low level of freestream turbulence. As a re-
sult, emphasis must be placed on achievement of a low turbulence
level in the design of an o0il layer flume.

A flume experiment can be an approximate model only of
a "two-dimensional” section of a contained oil slick. The
width of the flume is necessarily small in comparison to the
slick length so that transverse variations must be keﬁt to a
minimum. As a result, special emphasis must be placed on lat-
eral uniformity of the flow in a flume. Vertical uniformity
is less important and the reguirements on it are similar to
the requirements on the vertical uniformity for most other
flumes.

During operation, some oil droplets will become entrained
in the water beneath the 0il. These droplets will circulate
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through the flume. It is desirable to minimize further
splitting of these droplets since microscopic droplets make
the water cloudy and are difficult to separate out of the
water. Therefore, the pump or impeller of the flume must
be of a type which minimizes fine droplet emulsification.

When the flume is shut down, most of the oil must be
removed and put into storage tanks. Inevitably, some oil
will remain in and on the water and on the flume surfaces.
Much of this 0il eventually ends up on the water surface
and it is desirable to be able to remove it from the water
surface over an extended period of time. The handling of
the major part of the oil to be initially removed and the
smaller quantity of oil to be removed over an extended
period of time are other special design considerations.

It is well known that the entrainment of oil droplets
from a contained slick into the flowing water beneath it
occurs at current speeds above 2.5 ft/sec. Therefore, the
design operating current speed range for our flume was chosen
as 0 to 4 ft/sec. The nominal operating fluid depth, h, was
chosen as 1.5 feet for reasons described subsequently. Thus,
the critical flow speed (/gh) is 7 ft/sec and the operating
flume Froude number range is 0 to 0.6. Therefore, a design
for totally subcritical operation is required.

2. OVERALL FLUME DESIGN
Meeting the special requirements described in Section 1

has led to a basic design that is a "hybrid" of the sump type
of flume and the "wind tunnel circuit" type of flume (see
Preston, 1966, for an explanation of basic flume types). The
overall geometry is shown in Figures 2 and 3. The fluid from
the test section spills into a sump tank through a combination
weir having fluid passing over it and under it. The purposes
of the sump tank are to remove air entrained in the fluid and
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to collect most of the oil that is not contained in, or re-
moved from, the test section. The remainder of the circuit
is of the "wind tunnel type". From the sump tank, the flow
passes through a contracting and then diverging nozzle section.
The minimum area portion of the nozzle has a circular cross
section and surrounds the flume impeller which is of the ducted
propeller type. From the nozzle section, the flow passes
through a diffuser in which the flow area is expanded. The
flow is then turned through ninety degrees from a horizontal
direction to a vertical direction by means of a cascade of
turning vanes. Then, a second cascade of turning vanes turns
the flow direction back to horizontal so that the flowing fluid
is above the bottom branch of the circuit. A stilling section
containing screens and a "honeycomb"” made from sections of tub-
ing follows the upper vanes. A contraction of the natural draw-
down type (see Steele, 1962 and Preston, 1966) follows the stil-
ling section. The test section extends from the contraction
outlet to the combination weir which controls the subcritical
flow in the test section by means of critical flow both over
and under the weir. The fluid passing over and under the weir
is directed into the sump tank beneath the test section by
means of a vertical wall directly behind the weir and an in-
clined plate beneath the vertical wall.

This overall flume design was based on a combination of
a literature survey of information about existing flumes and
design methods, and an experimental study of two, 1/4 scale,
model flume configurations by MacDougal (1974).

The details of the individual components of the flume

will now be described in turn.

3. INDIVIDUAL FLUME COMPONENTS

Test Section. The length of the test section was dic-

tated by the length of the space available and the portion of
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that length which would be taken up by the inlets and outlets
to the test section. The inlet was comprised of the turning
vane section, the stilling section, and the contraction. The
outlet was comprised of the weir section. The resulting test
section length was 20.5 feet.

The depth of the test section would ideally be determined
by the desire to make the depth several times greater than the
maximum depth of the o0il layers to be used in the experiments.
However, in light of the fact that an upstream contraction
with an area ratio of about 4 was found to be needed {(MacDougal,
1974), the above requirement would result in cross-sectional
sizes that would be too large for our available gpace. 2As a
result, the depth at the large end of the contraction was set
at the maximum size compatible with the available space and
funds available for flume construction which was 3 feet. This
led to a test section inside width of 1.5 feet and a test sec-
tion inside operating fluid depth of 1.67 feet. To provide
adequate freeboard, the total test section depth was designed
to be 2 feet.

Figure 4 shows a drawing of the test section. The test
section sidewalls and bottom were made of glass to permit vi-
sualization and optical measurements of the experiments. 1In
order to provide sufficient support for maihtaining a tolerance
of *0.030 inches, structural steel members were used to support
the test section. As shown in Figure 4, adjusting bolts were
used between the basic test section and the main supporting
frames. These bolts were spaced at intervals of 5 inches.

Special consideration was necessary for the support of
the lower corners and upper edges of the glass part of the
test section. The main structural members were spaced a few
inches away from the edges and corners as shown in Figure 4.
Smaller steel structural members were affixed to the corners
and edges as shown in that figure. The usual procedure for
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attaching glass to steel is by means of a rubber based adhe-
sive. This permits a small amount of motion between the glass
and the steel and thereby minimizes the risk of cracking the
glass due to small dimensional changes. We wished to avoid
the use of the rubber based adhesive because it would have re-
sulted in less precise dimensional control and stability than
we wished to achieve. Therefore, epoxy cement was used. Al-
though the coefficients of thermal expansion of glass and
steel are similar, we felt that it was still necessary to have
some material more flexible than steel between the glass and
steel to allow for small dimensional changes. This was ac-
complished by the use of glass reinforced epoxy resin struc-
tural members (made of a material called "Extren") as shown

in Figure 4. It is noted here that we have come to regret
this aspect of the design as each of the two glass sidewalls
later cracked (see Section 4).

Water channels which must operate between low subcritical
speeds and high supercritical speeds must have an adjustable
tilting test section or test section floor as described by
Preston {1966). For the case of our low speed channel, we
felt that a fixed setting of test section tilt could be used.
However, it was not known in advance whether the test section
should tilt down or tilt up for optimum operation. A test
section which tilts downward in the direction of flow provides
some compensation for the increase in speed of the flow out-
side the boundary layers with downstream position due toc the
thickening boundary layers on the test section walls. On the
other hand, a test section which tilts upward provides an in-
crease in flow stability and a more "wave-free" water surface.
The range of tilt that either of these requirements would lead
to was small enough for it to be absorbed by the rubber gas-
kets between various components of the flume at the upstream
end of the test section so that it was only necessary for us
to be able to adjust the height of the downstream end. This
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was accomplished by attaching the main structural supporting
members of the test section to a large vertical metal plate
which formé part of the flume structure as shown in Figure 5.
Initially, we planned to bolt brackets on the test section
supporting members to the plate. However, assembly difficul-
ties led us to weld the brackets to the plate with the intent
of cutting the welds free and rewelding if a change in test
section tilt was found desirable. Our initial installation
was made with the downstream end of the test section 1/8 inch
lower than the upstream end.

Overall Flume Structural Support. The M.I.T. oil layer

flume was built on the second floor of a building. This build-
ing has a floor supported by steel beams located on l5-foot
centers and fastened to columns in the building walls. The
flume spans three beams. The overall weight of the water-filled
flume was estimated to be 30,000 pounds and it was felt that
with much of this load on the concrete floor between beams the
safety factor for the floor was insufficient. The floor beams
themselves and the columns to which they were attached were
found to be more than adequately strong. In order to distrib-
ute the flume weight over the floor beams without excessive
floor loading it was concluded that an overall steel supporting
structure would be best. An isometric drawing of this struc-
ture is shown in Figure 5. The basic longitudinal support of the
flume is supplied by 8 inch by 8 inch by 1/2 inch thick I-beams.
The basic geometry of the flume was best achieved by having the
bottom of the sump tank a nominal distance of 11 inches above
the floor so that 1-1/2 inch by 3 inch by 1/4 inch thick chan-
nels with the 1-1/2 inch face horizontal were welded to the

tops of the I-beams. An epoxy-base grouting mixture was used
between the beams and the floor inasmuch as up to 1 inch of
floor sag existed between floor beams. Steel studs were driv-
en into the concrete floor on 4-foot centers with these studs
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passing through the I-beam flanges and with the flanges secured
to the threaded studs by nuts.

At one end of the flume, where the turning vane section
would be located, a 1 inch thick steel plate was welded be-
tween the I-beam webs just above the lower flanges. The space
between the floor and the bottom of this plate was filled with
concrete. At the downstream end of the flume, a tall vertical
steel plate, 1/2 inch thick, was welded to the ends of the
I-beams. The main test section supporting structure was ulti-
mately attached to this steel plate.

Following the construction of the flume, we felt that the
test section deflection might be excessive so that vertical
steel rods were run between the test section and two ceiling
beamg which supported the floor above (see Fiqure 3). These
rods were fitted with turnbuckles in order to be able to ob-
tain precise length adjustments.

Weir Section. For subcritical flumes, the studies of

Steele (1962) indicated that either a tilting weir or a cas-
cade weir would be satisfactory for the exit of the test sec-
tion. A tilting weir is simply a vertical plate hinged at its
bottom with the fluid passing over its top and the fluid then
falling into a sump. The flow over the top of the weir is lo-
cally at critical speed and as a result, the height of the weir
controls the fluid flow in the test section. For example, with
the use of a tilting weir; to raise the flow speed from one
condition to another while maintaining a fixed test section
fluid depth, the weir would be rotated about its hinge at the
bottom of the test section so as to lower the top of the weir
and the flume pump speed would be simultaneously increased so
that the initial test section fluid depth would be retained
with an increased depth of critical flow over the top of the

weir.
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A cascade weir is a cascade of airfoils whose spans are
horizontal and which extend across the test section. By si-
multaneously adjusting the pitch angle of all the airfoils
(much like the operatidn of a venetian blind) the height of
the slots between the airfoils is changed. The flow rate
through the test section is controlled by adjusting the air-
foil pitch angles.

Inasmuch as the tilting type weir was easier and less ex-
pensive to construct, we decided to initially build a modified
form of the tilting weir; with the design being of the type
that would allow changing to another type of weir if that was
found to be required. The modified tilting weir we built has
its hinge above the channel bottom so that flow leaves the test
section both over the weir and under the weir thus making the
device a ¢ombination between a sharp crested weir and a sluice
gate. Figures 2 and 3 show the weir section as it is located
in the flume. Figure 6 is a sketch of the geometry of the
tilting combination weir. The location of the axis of rota-
tation of the weir was chosen such that the total flow rate
under the weir and the total flow rate over the weir were
roughly equal over the anticipated range of operating flume
speeds for a fluid depth in the flume test section of 1.67
feet. The approximate flow rates are calculated as follows.
The flow over the weir in ft3/sec is given approximately by
Nelson (1976) as:

Q = 3. 3wn>/2 (1)

where W is the width of the channel in feet and H is the height
of the upstream surface above the top edge of the weir in feet.
Similarly, Nelson (1976) indicates that the depth of the vena
contracta behind a sluice gate is approximately 0.75 times the
height of the opening in the gate. fThis leads to an equation
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for the approximate flow rate beneath the gate of
Q, = 6.02whv/d (2)

where h is the height of the opening between the channel bot-
tom and the gate and d is the depth of the center of the gate
opening below the free surface in the test section.

We found that Q and Q, would be roughly equal if the
weir axis was located 0.5 feet above the channel bottom with
the weir length chosen so its top was 1.58 feet above the bot-
tom when the bottom opening was fully closed. This is the ar-
rangement shown in Figure 6. For this arrangement,

H=2,13h + .08 (3)

Table 1 shows the flow rates and flume test section velocity
for various weir positions. The test section velocity (in
ft/sec) is given by

V=0 +0, (4)
2.51

Figure 7 shows graphs of the flow rates over and under the weir
for various values of the height of the opening under the weir
with the above-weir height given by Equation (3).

In operation, it was found that there was considerable
splashing of the water that came over or under the weir and it
was difficult to prevent some of this splashing from going be-
tween the steel structural plate and the downstream end of the
sump tank. This problem was overcome by installation of the
tilted board beneath the weir section as shown in Figures 2
and 3. This board serves as a deflector of the flow from the
weir section into the sump tank.
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TABLE 1.

Weir Flows and Test Sections Flow Speeds
for various Weir Setting

h - H - Ql - Qz - V |
Opening . Upstream Water . Flow Rate . Flow Rate . Mean Test
Below Surface Height Above Weir Below Weir Section
Weir ., Above Weir . 3 . 3 . Speed

(f£t) {(ft) (ft~/sec) (ft~/sec) (ft/sec)
0.00 . 0.08 . 0.112 . 0.000 . 0.045

0.10 . 0.29 . 0.773 . 1.106 . 0.749
0.20 . 0.51 . 1.803 . 2.212 . 1.600
0.30 . 0.72 . 3.024 . 3.318 . 2.527
0.40 . 0.93 . 4.439 . 4,424 . 3.531

0.45 . 1.04 . 5.250 . 4.980 . 4.070
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I I | l

0.1 0.2 0.3 0.4 0.5

h (HEIGHT OF OPENING UNDER WEIR IN FEET)

FIGURE 7. Weir Flows versus Opening Beneath Weir.
This figure is based on the geometry shown
in Figure 6.
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Sump Tank. The purposes of the sump tank are to remove
entrained air from the water, to provide an inlet to the flume
impeller, and to provide a space for oil to collect during and
after flume experiments with provision for removing this oil
from the surface of the fluid in the sump tank. A basic re-
guirement on sump tank geometry is that it should be as large
as space limitations will permit. Larger size leads to more
time available for the removal of entrained air. The tendency
of the impeller to draw in air is diminished by increasing the
fluid depth in the sump tank above the impeller nozzle inlet.
Acceptable sump tank performance was achieved with a tank that
is 16 feet long, 4 feet wide and 4 feet high. The sump tank
is shown in the flume drawings of Figures 2 and 3. A con-
struction drawing of the sump tank is shown in Figure 8.

The sump tank has a screen across its entire cross
section at a distance of 7.5 feet from the downstream end
{end nearest impeller) of the tank. This screen removes some
air bubbles from the stream and eliminates any especially high
velocities in the axial flow to prevent parcels of fluid con-
taining entrained air from getting to the sump tank outlet be-
fore the air has a chance to rise. The sump tank width is 4
feet and the normal fluid depth is 3.28 feet giving a sump
tank operating cross-sectional area of 13.12 square feet of
fluid. Therefore, for test section operating velocities of 0
to 4 ft/sec, the mean axial velocity in the sump tank lies in
the range of 0 to .77 ft/sec. As a result, the mean transit
time of fluid from the screen to the sump tank outlet is al-
ways more than 9.7 seconds.

The sump tank outlet occupies the lower 1.67 feet of height
at the downstream end of the tank. This gives an inlet area to
the impeller nozzle of 6.68 square feet, which results in a range
of nozzle inlet speeds from 0 to 1.5 ft/sec. The dynamic head
associated with the nozzle inlet flow speed lies between 0 and
0.4 feet and this is small enough for the entrainment of air
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that is above the impeller nozzle inlet into. the impeller to
be negligible. A screen covers the impeller nozzle inlet sec-
tion in order to make the velocity of the fluid leaving the
sump tank and entering the impeller nozzle as uniform as pos-
sible and to prevent any objects that fall into the tank from
being drawn into the impeller.

Although the top of one of the long sides of the sump
tank is 4 feet above the tank bottom, a 10 foot long section
of one long side is lowered to a height of 3.28 feet above
the bottom. This provides a weir between the sump tank and
an auxiliary tank shown in Figure 3. When the flume is started
up, fluid from the sump tank £ills the upper branch of the
flume and the level of fluid in the sump tank goes down. This
fluid is replaced by pumping water from the auxiliary tank
back into the sump tank until the water level reaches the
height of the weir 3.28 feet above the bottom. When the flume
is shut off, the water level in the sump tank rises and spills
over the weir into the auxiliary tank. The auxiliary tank is
12 feet long, 4 feet high, and 3.2 feet wide. When the flume
is not operating, the water level in both the sump tank and
the auxiliary tank is approximately 3.7 feet above the bot-
toms of the tanks so that the free surface is continuous across
both the sump tank and the auxiliary tank.

For removing oil from the sump and auxiliary tanks, the
downstream ends of both tanks are fitted with skimming weirs
as shown in Figures 2 and 3. 0il is driven from the upstream
end (end closest to the tilting weir section) of the sump tank
towatd the skimming weirs by surface currents induced by air
bubble streams coming from perforated pipes on the bottoms of
both tanks as shown in Figures 2 and 3. The air pipes have
one hole of 0.050-inch diameter every 4 inches. By driving
the oil toward the weirs and controlling the water height in
the sump tanks by means of water feed, the oil is removed by
the skimming weirs.
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Nozzle Section, Impeller, Shaft and Motor. The nozzle

section on the lower branch of the flume begins at the sump
tank outlet and extends over a length of 5 feet. At the noz-
zle inlet, the cross section is a rectangle 1.67 feet high by
4 feet wide. The centerplane of the impeller is 2 feet from
the upstream end {nearest sump tank) of the nozzle section.
At the impeller centerplane, the nozzle cross-sectional shape
is a circle with a diameter of 1.67 feet. From the nozzle
inlet to the impeller centerplane, the nozzle cross section
undergoes a smooth transition. The downstream end of the
nozzle has a cross section which is a square 2 feet by 2 feet.
This is 3 feet downstream from the centerplane of the impel-
ler. The cross-sectional shape from the propeller to the
downstream end also undergoes a smooth transition. The noz-
zle section is made of fiberglass that was laid up over a
male mold, with the mold broken out of the nozzle after the
lay up was completed. A drawing of the nozzle is shown in
Figure 9.

The major power usage of this flume is the lifting of
the water from the sump tank to the test section. Over-
coming the static head of 2.5 feet requires 2.84 horsepower
for a test section flow speed of 4 ft/sec. The potential
energy imparted to the water in this lifting is lost when
the water falls over or under the weir into the sump tank.
The power required to achieve one dynamic head at a test
section speed of 4 ft/sec is 0.28 horsepower. Since the
dynamic head is so small in comparison to the static head,
the dynamic head losses only need to be estimated approxi-
mately in determining flume power requirements. One dynamic
head is lost as the fluid goes from the test section into the
sump tank over the weir. The flume contains several screens
and two sets of turning vanes, but at these devices the cross
section is relatively large so the flow speed is small. Cer-
tainly, the dynamic power loss does not exceed 1.5 horsepower,
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so that the total fluid power does not exceed 4.34 horsepower.
Since an impeller efficiency of 0.6 is the least that would
be expected, 7.5 horsepower would be sufficient to drive the
flume. However, to be conservative, a 10 horsepower electric
motor was chosen. This is a DC shunt wound motor (230 volts)
with a control system comprised of solid state rectifiers and
a motor driven variable transformer. The rated maximum con-
tinuous operating speed of the motor is 1750 RPM. To prevent
the motor from taking up some of the room length and thereby
shortening the flume, the motor was located beside the flume
with a belt drive to a pulley on the propeller shaft located
beneath a step built into the sump tank as shown in Figures 2
and 3. The nature of this arrangement permitted a speed re-
duction factor of 4 by use of different size pulleys on motor
and impeller shaft leading to a maximum impeller RPM of 438.

Although we could have designed and constructed an im-
peller which was optimum for the flume, we first made an im-
peller from a standard 3-bladed ship propeller to test out
the flume operation. The impeller was made from a 24-inch
diameter by l6-inch pitch propeller with the outer radius
turned down to 19.875 inches thus achieving wide blade tips
with gaps of 1/16 inch between the tips and the nozzle wall.
By making estimates from propeller charts, we concluded that
with the available RPM range of 0 to 438, this impeller would
drive the flume. However, at especially slow speeds, where
the fluid advance speed is small but considerable impeller
pressure is still needed to overcome the static head of the
fluid in the upper branch of the flume, the impeller would be
operating far from its optimum condition and some cavitation
could be expected.

Diffuser. 1In order to expand the cross-sectional area
of the flow from that at the impeller to that at the inlet to

the contraction, a diffuser is needed somewhere in the flow
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loop. The maximum contraction area ratio permitted by space
limitations was about 4 so it was decided to expand the flow
cross-sectional area in the diffuser to 3 feet by 3 feet.
Since it was desirable to locate the contraction as close to
the upstream end of the entire device as possibile in order to
maximize test section length, the diffuser was situated in the
lower leqg of the flume just downstream of the nozzle.

The diffuser was made with square cross sections and
plane walls. A drawing of the diffuser is shown in Figure 10.
At the upstream end the cross section is a 2 foot by 2 foot
square and at the downstream end the cross section is a 3 foot
by 3 foot square. The diffuser length is 8 feet.

The diffuser was constructed by the same technique as was
used to construct the nozzle. A male mold was made with the
fiberglass diffuser laid up on top of the mold. The mold was
then broken out of the diffuser after the resin had cured.

Turning Vane Section. The turning vane section is at one

end of the flume and it contains two sets of turning vanes for
turning the flow through 180° in going from the lower leg to
the upper leg of the flume. Figure 11 shows a drawing of the
turning vane section. This section was fabricated from stain-
less steel. A screen was installed between the flanges of the
turning vane section and the diffuser. All screens had a con-
struction of 17-by-17 meshes to the inch, constructed of a
plain weave and 0.0l4-inch diameter stainless steel wire.
Stilling Section. A stilling section having a length of

1.92 feet was built and installed between the turning vane
section and the contraction. Figure 12 shows a drawing of the
stilling section. A screen was installed between the flanges
of the turning vane section and the stilling section as was a
screen between the flanges of the stilling section and the
contraction. A bank of flow straightening tubes was installed
in the stilling section. Each tube was 1 foot long, had a



- 26 -

8

-

haaiivivulid NI ¢ A8 nmved M1 doEiINGD ITVTIEARIS ¥01 1o st ()
SAHINI Nl SROIEN 3w 1T ST QL HLGIm 39014 FSVIX A .L&W:%n_._.ﬁ_ wEB_.nm .O_P mm:wHH_
SII0W SONVIs Mirm FOINIFIILIA INIA3Kd 0f FACR¥ AAOKS
Sv SSINVTY 2 ONIZ O, QIHIGVE I8 o4 SSAIANDINI F¥02
NCOIDIS AN INHNYLIIY - WISNIHD ‘Fyo i ONV SNIAS NOINL W
Wil NG URELINCT N2imonyl 38ed ¥SWE o 3F DL SWITYIEE
TJANNYHD MO FIV4ANS-3334 NOISID3Ad §394¥I3 THYQ LON OO 'SWi33zais yod
e p-L STWISHIRIA QL FINVHD -H0ILI0NL Sa0 T35 Hod Bt amveg
ABOTOMNILL A0 ALMULISNE SLLISARIYSSYW HIZ2Z0N Gav FTSN431Q - NoIL20XLSN0 D SSVIONIDIA NOd SILoK
e o L T T g |
I .8.319Nv1a O
ANS YInm bl
///% _./f*/ ._ur.la i L 3 = *—
Y - L]
M F&0D ¥STve NS / ., A | H e © &t o ¢ 8 © @ © _
. SN N ¥ -
. _ANS ¥3ung M
1 ° Ja) AN s
k-1 9
_ 4 o o
f:m%L_A ax 2— fom [LIIN Y
e el [ o m— ° ol ¥
FIVIS T8 -NOILICAINOD $SYTRXIBZ yod - SITAVWTA AW SUVLI O F¥OD’ P.?«T £
- W T T YA T ° on Tt s L
6 BAUM AW OL A31@a 31wTa
SRS N IACNd BQIYINAYA 2 °
wl\ e F 47
‘IHMYTS Y IRING @ d_un.r“ﬂ - o
SSATMIVLS HIM S3ISEHIAL A0 3G oL THOILDTI INNYA
L8, 39MYIA DNINIOCQY NOVIMES ° e SuINatL R, FHmL
© © © © o o o o @ MM YW D 3E9NYIS
. D000 %G *

F T )
MO SLHL

35NV

-—

yawnos mJTE
MoL0ag Sl

RORERLLAE:



HI : - ' .
{rie ausy wpn] g Squwangg  dp- ¥ WE
- * L oo

NCILDIS ANYA DNNENL

*NOT1123S ANVA ONINMA]  “TT 3J4N914

TANMYHD MOT4 10v3a75-3134 NOISIDEEd
- - H-H NOUYAIIE ¥-¥ NoTLvATNd

ADEIDNWIIL 4O ELULEN SLLIS TRy S5 RN \l“ﬂtﬁ”.m« LYSTE Y

.Iﬂpﬂl‘l..| .

194300 F am

N

Wipaas ¥
™
"
H
i

)
ERL
)
)

w b
“ T, e S e
) e L LT /
[ ' ¥ -\V\\._ !y ey

; =
" T !
1 R |
A _ =70
N Nk - ey
2 - 4 - s L 350
P ptoom > NS AN Cas =) A !
i wmws AN | = um:Jul\ " ...._-ﬂ.ou.“imw k! s vroop bunany gioN
i FTIMwn BAINANL 1\1\\
—ay '
™ :\\Ar _ ln\x
I A3 Hii
s © k a8 . — Jy————
P Sk e g 4sn
SUFD LD PRIE T|.o..n|!_
1 qlr.d } o
F - <0L
[ i
o T L] ——
2 [y === Fr==== = 2
1 X
1 BN
- —_N
welpazs
|||||||||||||||||| 9 LTS _.oc.v.s.a. o b
TP pvAMgD Sy
s % Gaynd wy ILOM - — |||||||||||||
B a —_—8
or—




PLGI R HYD ROOTNIT SM AR RMYGEG _ Q308 5% 333 {42« 39NYUL SY NOID3S-550) Twrs)

SAMINL ML ENOIEN W [RE ) . CHO ) DL S3IONMY NI3MUIG - SLA3SHY 3903M
_ "u013295 BuLiills "2l WN9Id

SATNYIA 3 SLmASKE MO A0%53u430 AINAANGEn L

28

GO0, e M- 0o | e bt oog| 11,‘
TINNYHD MO 30VAANS-34 NOISIIINd ] i 1
ABCNOMWIIL 40 2aALLSM SLLBFARITSSYN 0}
T P /Ez_._bu Laag¥h
- 1 i T
3 LY G o ) c ¢ ¢ © o @ o) c o o 1
: o WCRICE
o 0z
1 o o
/@ H & [
- c o ety M- awl - 0ty +
S2Y . e [ —
a8 ATTS
o o
g —
z o

W, OL S1ANM_®,
AP S 3

SIUNYIZ 7Y A0
JYS DLW NO uMINWLIE LTasYD - (B)
] c o] WRE——— Y »>
SIAH IR PET ST0H DNINITWIN @

“.c/ \\l.i.u S0e3 T SO OL Q3wwda "$3T0m Mid 1IMeQ - ) < : g B
ﬁl\\ @ / 'BAGNYIA Iy WG ML WY
A " o4

Qaucsy L 2@ o1 S Y

—
v
O

Hy D43 GIHNYIS

5 an - n - e - N b
- +Hpeszo o uTlnmm —
AEPERE L 2
[ T
- - R o8 B
3 007 = 2 |l o NOLLI3S H
U RCDAINON
4,30l
0SS 3ud3a b | ‘\\
¥ Gode | __
<} 3 AINIINaENL !
|m| - S e m 13
az o : i : J 3 = 3 . < < : : . '
- -+ o E-ECLL, e
1
a— e :
/|4

74

Sama4S 20 %




- 29 -

l-inch outside diameter, and a wall thickness of 0.037 inches.
Both the stilling sections and the tubes were made of stain-
less steel. The tubes were close packed at the upstream end
of the stilling section so that there was a gap between the
downstream end of the tubes and the screen located between
the stilling section and the contraction. The bank of tubes
contained 43 horizontal rows with 35 tubes in each row, thus
making 1,376 tubes in all. It was felt that the two cascades
of turning vanes and the bank of tubes were sufficient to
eliminate impeller-induced flow rotation so that anti-rotation
vanes would not be necessary.

Contraction. Extensive design studies for contractions

with square cross sections for flows without free surfaces

has been done at M.I.T. (see Hanson, 19689). This has led to a
basic contraction wall curve used both in the M.I.T. low noise
acoustic wind tunnel and the M.I.T. variable pressure completely
enclosed water tunnel; although the curve is scaled differently
in each case to achieve different contraction ratios. In our
flume model (MacDougal, 1974) we tested the same contraction
wall curve shape on side and bottom walls using a free surface
with natural draw down. This was found to be satisfactory for
flume Froude numbers from 0 to 0.6. At higher Froude numbers
waves would spring from the walls of the contraction and extend
into the test section. This effect could be delayed to higher
Froude numbers by making the contraction more gradual, but

this would reduce available test section length. Since the
satisfactory Froude number range was sufficient for the antici-
pated use, the same contraction shape was employed for the full
scale flume. Figure 13 shows a drawing of the contraction.

4, QPERATIONAL TESTS
Flume Calibration. Two controls - impeller speed and the

position of the combination weir - determine the operating con-
dition of the o0il layer flume, as defined by the height and
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surface velocity of water in the test section. To expedite

the use of the flume, a calibration was made whereby one can
easily determine the operating condition which results from

a given setting of the control variables. Weir position is
defined arbitrarily by the height of the top edge of the weir
plate with regard to its height when fully closed, i.e., when
the bottom edge of the weir plate is resting on the bottom
glass of the test section so that all of the flow is over the
top of the plate. The fully closed position is weir position 1.
Weir position 2 is defined to be that position where the top of
the weir plate is 1 inch below its level in weir position 1,

and other positions are defined similarly, in l-inch increments.
The other operator-controlled variable, impeller speed, is de-
termined quite precisely by means of an electronic counter.
Input to the counter is provided by a magnetic sensor located
in such a way that it detects the passage of individual teeth
of a 120-tooth gear which is mounted on the impeller shaft.
Thus, the number of counts in a l-second interval is twice the
shaft RPM.

The height of water in the test section was measured by
means of a transparent rule which was affixed to a glass side
wall. The surface velocity, for purposes of calibration, was
measured by timing the passage of floats along a known distance.

The calibration was performed with the sump tank filled at
all times to the lowered sill between the sump and auxiliary
tanks. Although the level of the water in the sump tank is
an additional variable, no advantage was anticipated from
running at less that the maximum height, while possible dis-
advantages include increased cavitation of the impeller, ven-
tilation of the nozzle, and decreased time during which the
water in the sump can rid itself of entrained o0il and air.

The results of the calibration are shown in Figure 14,

The curves were terminated at the left-hand side due to the
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fact that the water level was no longer above the upper edge
of the weir plate. 1In this condition, long period standing
waves often occur, and the flow velocity and height become
unsteady. On the right-hand side, the curves were terminated
due to the fact that when continued beyond 325 RPM, they were
no longer smooth. The cause for this was not determined.
Data were not taken for water heights above 21 inches, since
at this height the surface is no longer visible through the
side glass. Data beyond weir position 9 were judged to be
insufficiently precise due to the fixed length over which the
floats could be timed.

Flow Uniformity. 1In order to investigate the uniformity

of the flow, a velocity survey was taken near the beginning

of the test section at two operating conditions - 1 ft/sec (18-
inch water height) and 2.5 ft/sec (l4-inch height}. A
Thermo-Systems 1050 Series constant-temperature anemometer
(Models 1051-2D, 1054B and 1056) was used, equipped with a
Model 1231W conical hot-film probe. Only one side ¢of the test
section was surveyed, since the flow was assumed to be sym-
metric. The results are shown in Figures 15 and 16. The
largest velocity differences ocutside the boundary layers are

on the order of 9%, the slowest flow being at the center of

the free surface and the fastest near the lower corners of

the test section. The reason for this nonuniformity probably
lies in secondary flow phenomena. The trailing vortex sheets
from the turning vanes could be responsible for setting up a
circulation which sweeps boundary layer fluid to the outer
boundary of the flow in the turning vane section. Were this
flow nonuniformity not suppressed by the stilling section, it
could still be apparent in the test section. A second source
of secondary flow is the contraction, which would tend to bend
sidewall vorticity and the vorticity causing the above mentioned

nonuniformity in such a way as to once again sweep boundary
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layer fluid to the top of the test section, and from there
down along the centerline. By injecting dye into the test
section at various points, it is possible to see such a sec-
ondary flow. A third source of secondary flow is that found
in straight lengths of open channels and pipes of prismatic
cross sections. All these flows tend to result in a velocity
defect at the surface. Since the nonuniformity is apparent
even quite near the contraction, it is judged unlikely that
streamwise vorticity generated in the contraction or in the
test section itself is responsible. It would seem that the
stilling section does not completely smooth the flow from the
turning wvanes.

In order to correct the flow nonuniformity, it would be
necessary to increase the solidity of the lower portion of
the screen just upstream of the flow straightening tubes.
Although this has not yet been accomplished, it is planned
for the future.

Turbulence and Vibration Levels. Measurements of the

longitudinal unsteady velocity on the centerplane of the test
section 8 feet downstream from the contraction were taken at
mean flow speeds of 0.5, 1.0, and 1.5 ft/sec. The measurements
were made with the Thermo-Systems anemometer described above
using a Thermo-Systems Model 1212-20W cylindrical hot-film
probe and the resulting signal was high pass filtered at 0.1 Hz,
squared, averaged with a 40 second time constant and then re-
corded. The square root of the recorded signal was taken as
the rms of the longitudinal fluctuating velocity.

For the mean flow speed of 0.5 ft/sec, the rms of the
unsteady velocity was nearly uniform with depth and approxi-
mately 2.2% of the mean stream speed. At the speeds of 1.0
and 1.5 ft/sec, the rms velocity fluctuations varied with depth,
being approximately 2% of the mean stream speed near the free
surface and about 1% of the mean stream speed over the lower
portion of the test section.
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The most likely cause of the higher fluctuating velocity
near the free surface at the higher speeds is the nature of
the flow near the free surface in the vicinity of the most
downstream screen in the stilling section. The resistance
of the screen causes the water level to be higher on the up-
stream side of the screen than on the downstream side. As a
result, some water comes through the screen at a height which
is above the downstream water level. This water actually
drops onto the free surface with the impact generating con-
siderable turbulence. As this turbulence region is convected
downstream by the mean flow, it diffuses vertically so that
the depth of the excessive turbulence region increases while
the turbulence intensity decreases.

Apart from the 1% increase in the fractional apparent
rms turbulence intensity caused by the above mentioned surface
effect in the region of the measurements, we find rms longi-
tudinal velocity fluctuations which are 2% of the mean stream
speed for the .5 ft/sec flow and 1% of the mean stream speed
for the 1.0 and 1.5 ft/sec flows. These mean speeds have a
Reynolds number range which is small enough for one to expect
the flume turbulence rms velocity to be a constant percentage
of free stream speed. However, the measured rms velocity
fluctuation percentage varies by a factor of 2. There is con-
siderable evidence that this anomaly is due to the fact that
the measured velocity fluctuations are due to the two indepen-
dent processes of flume turbulence and flume vibration.

There is considerable vibration of the flume structure
which can be felt by placing one's hand on the flume while it
is operating; but quantitative measurements of vibration levels
have not been made. The major source of vibration is the water-
fall in the sump tank. Impeller cavitation is another source.
The sensitivity of the hot film anemometer to vibratory fluid
motion has been confirmed by other independent experiments we

have performed.
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In order to estimate the portion of the rms velocity
fluctuations due to vibration and the portion of the rms
velocity fluctuations due to turbulence, Figure 17 shows
the measured rms velocity fluctuations (beneath the region
influenced by the aforementioned free surface effect) as a
function of flow speed. The figure alsoc shows a straight line
fit to these data. For velocity fluctuations proportional
to flow speed, a straight line curve would result. Therefore,
the longitudinal velocity fluctuations due to vibration can
be estimated by the intercept of the straight line with the
ordinate of the graph and the turbulence intensity can be
estimated by the slope of the line. This yields the results
that the estimate of the longitudinal velocity fluctuations
related to vibration are 0.008 ft/sec and the estimate of the
turbulence level in the flume below the surface region is
0.4% of the free stream speed. 1In the vicinity of the free
surface, the turbulence intensity is somewhat higher. The
increase in near-surface turbulence intensity varies from
Zero at low speeds to approximately 1% of the free stream
speed at a speed of 1.5 ft/sec.
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